Tumor-specific antigens (TSAs) represent ideal targets for cancer immunotherapy, but few have been identified thus far. We therefore developed a proteogenomic approach to enable the high-throughput discovery of TSAs coded by potentially all genomic regions. In two murine cancer cell lines and seven human primary tumors, we identified a total of 40 TSAs, about 90% of which derived from allegedly noncoding regions and would have been missed by standard exome-based approaches. Moreover, most of these TSAs derived from nonmutated yet aberrantly expressed transcripts (such as endogenous retroelements) that could be shared by multiple tumor types. Last, we demonstrated that, in mice, the strength of antitumor responses after TSA vaccination was influenced by two parameters that can be estimated in humans and could serve for TSA prioritization in clinical studies: TSA expression and the frequency of TSA-responsive T cells in the preimmune repertoire. In conclusion, the strategy reported herein could considerably facilitate the identification and prioritization of actionable human TSAs.
INTRODUCTION

CD8
+ T cells are the main mediators of naturally occurring and therapeutically induced immune responses to cancer. Accordingly, the abundance of CD8 + tumor-infiltrating lymphocytes (TILs) positively correlates with response to immune checkpoint inhibitors and favorable prognosis (1) (2) (3) . Because CD8 + T cells recognize major histocompatibility complex class I (MHC I)-associated peptides, the most important unanswered question is the nature of the specific peptides recognized by CD8 + TILs (4) . Knowing that the abundance of CD8 + TILs correlates with the mutation load of tumors, the dominant paradigm holds that CD8 + TILs recognize mutated tumor-specific antigens (mTSAs), commonly referred to as neoantigens (2, 5, 6) . The superior immunogenicity of mTSAs is ascribed to their selective expression on tumors, which minimizes the risk of immune tolerance (7) . Nonetheless, some TILs have been shown to recognize cancerrestricted nonmutated MHC peptides (8) that we will refer to as aberrantly expressed TSAs (aeTSAs). aeTSAs can derive from a variety of cis-or trans-acting genetic and epigenetic changes that lead to the transcription and translation of genomic sequences normally not expressed in cells, such as endogenous retroelements (EREs) (9) (10) (11) .
Considerable efforts are being devoted to discovering actionable TSAs that can be used in therapeutic cancer vaccines. The most common strategy hinges on reverse immunology, in which exome sequencing is performed on tumor cells to identify mutations, and MHC-binding prediction software tools are used to identify which mutated peptides might be good MHC binders (12, 13) . Although reverse immunology can enrich for TSA candidates, 90% of these candidates are false positives (6, 14) because available computational methods may predict MHC binding, but they cannot predict other steps involved in MHC peptide processing (15, 16) . To overcome this limitation, a few studies have included mass spectrometry (MS) analyses in their TSA discovery pipeline (17) , thereby providing a rigorous molecular definition of several TSAs (18, 19) . However, the yield of these approaches has been meager: In melanoma, one of the most mutated tumor types, an average of two TSAs per individual tumors has been validated by MS (20) , whereas only a handful of TSAs has been found for other cancer types (15) . The paucity of TSAs is puzzling because injection of TILs or immune checkpoint inhibitors would not cause tumor regression if tumors did not express immunogenic antigens (21) . We surmised that approaches based on exonic mutations have failed to identify TSAs because they did not take into account two crucial elements. First, these approaches focus only on mTSAs and neglect aeTSAs, essentially because there is currently no method for high-throughput identification of aeTSAs. This represents a major shortcoming because, whereas mTSAs are private antigens (that is, unique to a given tumor), aeTSAs would be preferred targets for vaccine development because they can be shared by multiple tumors (8, 10) . Second, focusing on the exome as the only source of TSAs is very restrictive. Of particular relevance to TSA discovery, 99% of cancer mutations are located in noncoding regions (22) . Moreover, the exome (all protein-coding sequences) is only 2% of the human genome, whereas up to 75% of the genome can be transcribed and potentially translated (23) . Hence, many allegedly noncoding regions are protein coding, and translation of noncoding regions has been shown to generate numerous MHC peptides (24, 25) , some of which were retrospectively identified as targets of TILs and autoreactive T cells (26, 27) .
With these considerations in mind, we developed a proteogenomic strategy designed to discover mTSAs and aeTSAs coded by all genomic regions. We used this approach to study two well-characterized murine cancer cell lines, CT26 and EL4, as well as seven primary human samples comprising four B-lineage acute lymphoblastic leukemias (B-ALLs) and three lung cancers. Our main objectives were to determine whether noncoding regions contribute to the TSA landscape and which parameters may influence TSA immunogenicity.
RESULTS
Rationale and design of a proteogenomic method for TSA discovery Attempts to computationally predict TSAs using various algorithms are fraught with exceedingly high false discovery rates (28) . Hence, a system-level molecular definition of the MHC peptide repertoire may only be achievable by high-throughput MS studies (4) . Current approaches use tandem MS (MS/MS) software tools, such as Peaks (29) , which rely on a user-defined protein database to match each acquired MS/MS spectrum to a peptide sequence. Because the reference proteome does not contain TSAs, MS-based TSA discovery workflows must use proteogenomic strategies to build customized databases derived from tumor RNA sequencing (RNA-seq) data (30) that should ideally contain all proteins, even unannotated ones, expressed in the considered tumor sample. Because current MS/MS software tools cannot deal with the large search space created by translating all RNA-seq reads in all reading frames (31, 32), we devised a proteogenomic strategy enriching for cancer-specific sequences to comprehensively characterize the landscape of TSAs coded by all genomic regions. The resulting database, termed a global cancer database, is composed of two customizable parts. The first part, the canonical cancer proteome (Fig. 1A) , was obtained by in silico translation of expressed protein-coding transcripts in their canonical frame; it therefore contains proteins coded by exonic sequences that are normal or contain single-base mutations. The second part, the cancer-specific proteome (Fig. 1B) , was generated using an alignment-free RNA-seq workflow called k-mer profiling because current mappers and variant callers poorly identify structural variants. This second dataset enabled the detection of peptides encoded by any reading frame of any genomic origin (including structural variants), as long as they were cancer specific (that is, absent from normal cells). Here, we elected to use MHC II hi medullary thymic epithelial cells (mTEC hi ) cells as a "normal control" because they express most known genes and orchestrate T cell selection to induce central tolerance to MHC peptides coded by their vast transcriptome ( fig. S1A) (33) . Thus, to identify RNA sequences that were cancer specific, we chopped cancer RNA-seq reads into 33-nucleotidelong sequences, called k-mers (34) , from which we removed k-mers present in syngeneic mTEC hi cells ( fig. S2, A and B) . Redundancy inherent to the k-mer space was removed by assembling overlapping cancer-specific k-mers into longer sequences, called contigs, which were 3-frame translated in silico (Fig. 1B and fig. S2, C and D) . We then concatenated the canonical and cancer-specific proteomes to create a global cancer database, one for each analyzed sample (table S1A). Using these optimized databases, we identified MHC peptides eluted from two well-characterized mouse tumor cell lines that we sequenced by MS, namely CT26, a colorectal carcinoma from a Balb/c mouse, and EL4, a T-lymphoblastic lymphoma from a C57BL/6 mouse ( Fig. 1C and table S2A) (35, 36) .
Noncoding regions as a major source of TSAs
We identified 1875 MHC peptides on CT26 cells and 783 on EL4 cells (tables S3 and S4). Among these, peptides absent from the mTEC hi proteome were considered TSA candidates (i) if their 33-nucleotide-long peptide-coding sequence derived from a full cancer-restricted 33-nucleotide-long k-mer and was absent from the mTEC hi transcriptome or (ii) if their 24-to 30-nucleotide-long peptide-coding sequence, derived from a truncated version of a cancer-restricted 33-nucleotidelong k-mer, was overexpressed by at least 10-fold in the transcriptome of cancer cells versus mTEC hi cells ( fig. S3A ). Because no error estimation was used in our study, we manually validated the MS spectra of our TSA candidates. Before assigning peptides a genomic location, we also removed any indistinguishable isoleucine/leucine variants (figs. S3, B and C, and S4) and ended up with a total of 6 mTSAs and 15 aeTSA candidates: 14 presented by CT26 cells and 7 by EL4 cells (Fig. 2,  A and B) . MHC peptides that were both mutated and aberrantly expressed were included in the mTSA category. All of these peptides Schematic detailing how the canonical cancer proteome (A) and cancer-specific proteome (B) were built for each analyzed sample. In (A), "quality" refers to the Phred score; a score of >20 means that the accuracy of the nucleobase call is at least 99%. (C) The combination of the above two proteomes, termed the global cancer database, was then used to identify MHC peptides, and more specifically TSAs, sequenced by liquid chromatography-MS/MS (LC-MS/MS). We analyzed two well-characterized murine cell lines, CT26 and EL4, and seven human primary samples, namely, four B-ALLs and three lung tumor biopsies (n = 2 to 4 per sample). Statistics regarding each part of the global cancer database can be found in table S1, and implementation details of building the cancer-specific proteome by k-mer profiling are presented in fig. S2 . aa, amino acids; nts, nucleotides; th, sample-specific threshold for k-mer occurrence; tpm, transcripts per million.
were absent from the Immune Epitope Database (37), except for one: the AH1 peptide (SPSYVYHQF), the sole aeTSA previously identified on CT26 cells using reverse immunology (10, 38) .
To assess the stringency of our database-building strategy based on the removal of mTEC hi k-mers from cancer k-mers, we evaluated the peripheral expression of RNAs coding for aeTSAs across a panel of 22 tissues (table S5) (39, 40) . Four of the 15 aeTSA candidates had an expression profile similar to that of previously reported "overexpressed" tumorassociated antigens (41, 42) , as their peptide-coding sequences were expressed in most or all tissues (Fig. 2C) . These four peptides were therefore excluded from the TSA list. In contrast, 11 peptides were considered genuine aeTSAs because their source transcripts were either totally absent or present at trace amounts in a few tissues (Fig. 2C ). We note that detection of low transcript amounts is less relevant because MHC peptides preferentially derive from highly abundant transcripts (43, 44) . This concept is illustrated by the AH1 TSA, which elicits strong antitumor responses devoid of adverse effects (10, 38) , despite the weak expression of its peptide-coding sequence in the liver, thymus, and urinary bladder (Fig. 2C ). These results demonstrate that subtracting mRNA sequences found in mTEC hi strongly enriches for cancer-restricted peptide-coding sequences. When we consider our entire murine TSA dataset (6 mTSAs and 11 aeTSAs), we find that most of them derive from atypical translation events: the out-of-frame translation of a coding exon or the translation of noncoding regions (Fig.  2D ). We also noticed that any type of noncoding region can generate TSAs (table S6) : intergenic and intronic sequences, noncoding exons, untranslated region (UTR)/exon junctions, and EREs, which appear to be a particularly rich source of TSAs (eight aeTSAs and one mTSA). Last, our approach efficiently captured at least one structural variant as we identified an antigen, VTPVYQHL, derived from a very large intergenic deletion (~7500 bp) in EL4 cells (table S6B) . Together, these observations confirm that noncoding regions are the main source of TSAs and that they have the potential to considerably expand the TSA landscape of tumors. 
S C I E N C E T R A N S L A T I O N A L M E D I C I N E | R E S E A R C H A R T I C L E Differential protection against EL4 cells after immunization against individual TSAs
We then performed detailed studies on some of the TSAs that seemed most therapeutically promising: those presented by EL4 cells and whose peptide-coding sequence was not expressed by any normal tissue ( Fig.  2C and tables S6B and S7). To assess immunogenicity, C57BL/6 mice were immunized twice with either unpulsed (control group) or TSApulsed dendritic cells (DCs) before being challenged with live EL4 cells. Priming against IILEFHSL or TVPLNHNTL prolonged survival for 10% of mice, with only one TVPLNHNTL-immunized mouse surviving up to day 150 (Fig. 3A) . In contrast, the other three TSAs showed superior efficacy, with day 150 survival rates of 20% (VNYIHRNV), 30% (VTPVYQHL), and 100% (VNYLHRNV) (Fig. 3, B and C) . To evaluate the long-term efficacy of TSA vaccination, surviving mice were rechallenged with live EL4 cells at day 150 and monitored for signs of disease. The two VNYIHRNV-immunized survivors died of leukemia within 50 days, whereas all others (immunized against TVPLNHNTL, VTPVYQHL, or VNYLHRNV) survived the rechallenge (Fig. 3) . We conclude that immunization against individual TSAs confers different degrees of protection against EL4 cells (0 to 100%) and that, in most cases, this protection is long-lasting.
Frequency of TSA-responsive T cells in naïve and immunized mice
In various models, the strength of in vivo immune responses is regulated by the number of antigen-reactive T cells (45, 46) . We therefore assessed the frequency of TSA-responsive T cells in naïve and immunized mice using a tetramer-based enrichment protocol (47, 48) , for which the gating strategy and one representative experiment can be found in fig. S5 (A to C). As positive controls, we used tetramers to detect CD8 + T cells specific for three immunodominant viral epitopes (gp-33, M45, and B8R). We confirmed that these T cells had a high abundance and that their frequency was similar to that observed in previous studies (Fig. 4A) (46) . In naïve mice, CD8 + T cells specific for TVPLNHNTL, VTPVYQHL, and IILEFHSL were rare (less than one tetramer + cell per 10 6 CD8 + T cells), whereas CD8 + T cells specific for the ERE TSAs (VNYIHRNV and VNYLHRNV) displayed frequencies similar to those of our viral controls (Fig. 4A and fig. S6A ). Accordingly, in mice immunized with TSA-pulsed DCs, we found that the T cell frequencies against the two ERE TSAs, as assessed by tetramer staining or interferon-g (IFN-g) enzyme-linked immunospot (ELISpot) assays (figs. S1B, S5, C and D, and S6A), were higher than that of TVPLNHNTL, VTPVYQHL, and IILEFHSL (Fig. 4, B and C) . Moreover, in both naïve and immunized mice, results obtained with tetramer staining and IFN-g ELISpot correlated with each other (fig. S7 ). Last, we estimated that the functional avidity of T cells specific for VNYIHRNV and VNYLHRNV was similar to that of T cells specific for two highly immunogenic nonself antigens: the minor histocompatibility antigens H7 a and H13 a (Fig. 4D) . Hence, these TSAs, derived from allegedly noncoding regions, were recognized by highly abundant T cells with a high functional avidity. This is particularly noteworthy for the VNYLHRNV aeTSA because it has an unmutated germline sequence.
Together, our results show that the frequency of TSA-responsive T cells was a crucial parameter for TSA immunogenicity. However, VTPVYQHL was an outsider: It afforded the second-best protection against EL4 challenge although its cognate T cells were present at a very low frequency (Figs. 3 and 4 , A to C). To better evaluate the importance of T cell expansion in leukemia protection, we estimated the frequency of tetramer + CD8 + T cells in long-term survivors after rechallenge with EL4 cells on day 150 (Fig. 3) . These analyses were performed on day 210 or at the time of sacrifice (in the case of VNYIHRNV-primed mice). Two points can be made from these analyses ( fig. S6, B and C) . First, all long-term survivors, including VTPVYQHLimmunized mice, showed a discernable population of TSA-responsive (tetramer + ) CD8 + T cells. Second, although VNYIHRNV was recognized by a particularly large population of tetramer + cells, it was the only TSA that did not protect mice upon rechallenge. Together, our results suggest that expansion of TSA-responsive T cells was necessary for protection against EL4 cells but was insufficient in the case of VNYIHRNV.
The importance of antigen expression for protection against EL4 cells Next, we evaluated the impact of antigen expression on immunogenicity by assessing the abundance of TSAs at the RNA level in the EL4 cell Statistical significance of immunized group versus control group was calculated using a log-rank test, where ns stands for not significant (P > 0.05). n = 10 mice per group for peptide-specific immunization, n = 19 mice for control group.
population that was injected on day 0 (Fig. 3) . The sequence encoding the TSA conferring the best protection against EL4 cells (VNYLHRNV) was expressed more than the other TSA-coding sequences (Fig. 5A ). This suggests that VNYLHRNV is likely "clonal" (expressed by all EL4 cells) and highly expressed, whereas the other TSAs are subclonal and/or expressed at low amounts. Next, using parallel reaction monitoring (PRM) MS, we analyzed the TSA copy number per cell in the EL4 cell population used for rechallenge (day 150; Fig. 5B ). As expected (41), there was no linear relationship between TSA abundance at the RNA and peptide levels (Fig. 5, A and B) . The most protective TSA, VNYLHRNV, was one of the two most abundant TSAs (>500 copies per cell), whereas VNYIHRNV, which offered no protection upon rechallenge (Fig. 3B) , was no longer detected on EL4 cells. This observation suggests that VNYIHRNV was a subclonal TSA and that antigen loss most likely explained the lack of protection upon rechallenge. Last, we noted that TSAs were immunogenic when presented by DCs but not when presented by EL4 cells: Injection of live EL4 cells without prior immunization did not induce an expansion of TSA-responsive T cells (Fig. 5C and fig. S6D ), and immunization with irradiated EL4 cells did not confer any protection against live EL4 cells (Fig. 5D ). This suggests that, in the absence of immunization, highly immunogenic TSAs (such as VNYLHRNV) were ignored likely because they were not efficiently cross-presented by DCs, highlighting the importance of efficient T cell priming in cancer immunotherapy.
Impact of noncoding regions on the TSA landscape of human primary tumors
Having established that noncoding regions are a major source of TSAs in two murine cell lines, we applied our proteogenomic approach to seven human primary tumor samples: four B-ALLs and three lung cancers ( fig. S8 and tables S8 to S15). Rather than using RNA-seq data from murine syngeneic mTEC hi , we sequenced the transcriptome of total TECs (n = 2) and purified mTECs (n = 4) from six unrelated donors undergoing corrective cardiovascular surgery (table S2B) . We found minimal interindividual differences and demonstrated that this cohort size was sufficient to cover almost the full breadth of the mTEC transcriptomic landscape, as computing the cumulative number of detected transcripts showed that minimal gains would be achieved by adding more samples ( fig. S9 ). Using these RNA-seq data as the repertoire of normal k-mers to generate global cancer databases (table S1B), as described in Fig. 1 , we identified 2 mTSAs and 27 aeTSA candidates (Fig. 6A) . After validating their assignment to a single genomic location and the quality of their MS spectra, we also ensured that mTSAs did not intersect with known germline polymorphisms (figs. S3, 10, and 11). To further validate the status of aeTSA candidates, as we did for murine aeTSAs (Fig. 2C) , we analyzed the expression of aeTSA-coding sequences in RNA-seq data from 28 tissues (6 to 50 individuals per tissue; Fig. 6B and table S16 ). On the basis of these data, we excluded six aeTSA candidates: three that were widely expressed, like most previously reported overexpressed tumor-associated antigens (49) , and three that were expressed at substantial amounts in a single organ, the liver (Fig. 6B) . We therefore ended up with a total of two mTSAs and 20 nonredundant aeTSAs ( Fig. 6C and tables S17 and S18). Of note, the SLTALVFHV aeTSA was shared by our two HLA-A*02:01-positive B-ALLs (table S17) . This aeTSA derives from the 3′UTR of TCL1A, a gene implicated in lymphoid malignancies. Together, our results show that our proteogenomic approach can characterize the repertoire of mTSAs and aeTSAs on individual tumors in about 2 weeks.
DISCUSSION
To explore the global landscape of TSAs, we developed a proteogenomic approach that incorporates two features in the construction of databases for MS analyses: alignment-free k-mer profiling of RNA-seq data and subtraction of mTEC k-mers. In a context where TSA discovery is a critical unmet medical need, our approach led us to discover that the TSA landscape is much larger than previously anticipated. Thirty-five of the 39 nonredundant TSAs reported here derived from atypical translation events: 2 from the out-of-frame translation of coding exons and 33 from allegedly noncoding regions. Hence,~90% of our TSAs would have been missed by standard approaches focusing on exonic mutations. In addition to MHC peptides derived from RNAs containing single-base mutations, our approach efficiently captured peptides generated by complex structural variants, as exemplified by VTPVYQHL, which derived from a large intergenic deletion (~7500 bp) in EL4 cells. Subtraction of mTEC k-mers was critical for the highthroughput identification of immunogenic aeTSAs including unmutated peptides that are not constitutively presented by mTEC hi to thymocytes during the establishment of central tolerance. This is well-illustrated by VNYLHRNV, an unmutated TSA absent from mTEC hi and other peripheral tissues, although strongly expressed in EL4 cells, that is, recognized by highly abundant CD8 + T cells with a high functional avidity. Nonetheless, a few peptide-coding transcripts undetectable in mTEC hi were detected in peripheral tissues, suggesting that k-mers from both mTECs and peripheral tissues should be used to identify genuine TSAs. In the present study, we chose to use peripheral expression as an a posteriori validation step. An alternative approach would be to remove all k-mers expressed in peripheral tissues when building the database for MS.
TSAs derived from noncoding regions present a number of peculiar and highly relevant features. First, it is evident that EREs are a rich source of TSAs; they generated 9 of the 17 TSAs found in murine cell lines and 4 of the 23 TSAs in human tumors. The difference in the proportion of ERE TSAs that we identified in mouse cell lines versus primary human tumors might be ascribed to the fact that in vitro culture conditions do not recapitulate the immune pressure exerted on developing tumors, that ERE expression greatly varies across tumor types (50) , or that human EREs are more degenerated and therefore less likely to be translated than murine EREs (9). Nonetheless, ERE TSAs remain particularly relevant to the development of cancer vaccines because both oncogenic viruses and viral-like sequences in the human genome appear to be particularly immunogenic (51, 52) . Second, most TSAs derived from noncoding regions do not overlap mutations and are therefore, by definition, aeTSAs. Such aeTSAs, which include EREs, present a major advantage over mTSAs (of both coding or noncoding origin): Whereas mTSAs are private antigens, aeTSAs can be shared by multiple tumors (8) . We were able to identify such shared aeTSA (SLTALVFHV) in humans, whereas Probst et al. (10) showed that mice immunized against the AH1 aeTSA (SPSYVYHQF), which we identified Fold enrichment frequencies Statistical significance of immunized group versus control group was calculated using a log-rank test. by MS on CT26 cells, survived the challenge with three different cancer cell lines: the WEHI-164 fibrosarcoma and the C51 and CT26 colorectal cancers.
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Together, our MS-based discovery of TSAs in primary human B-ALL and lung cancer demonstrates that the impetus to develop TSA vaccines should not be limited to cancers with a high mutational load. Because B-ALLs harbor very few exonic mutations, it was presumed that they might not express any TSA (5) . Our data show that TSAs can be found in B-ALL provided that the search strategy encompasses aeTSAs. Moreover, two elements argue that TSAs derived from atypical translation events represent promising targets for T cell-based cancer immunotherapy: (i) They outnumber TSAs derived from coding regions and (ii) they are mostly unmutated, which increases their potential to be shared between patients. We acknowledge that our study presents several limitations for which solutions can be envisioned. First, because our approach is not compatible with the computation of classical false discovery rates, TSAs must undergo meticulous validation by manual inspection of MS spectra and, ideally, confirmation using synthetic peptide analogs. Second, our approach relies on shotgun MS, which suffers from a limited dynamic range. Consequently, we only detected the most abundant TSAs and are likely underestimating the extent of aeTSA sharing between patients. Because shared aeTSAs may represent promising actionable targets for cancer immunotherapy (8) , aeTSA frequency across patients and/or tumor types could be further evaluated by targeted MS analyses that have a more limited scope but are 10 times more sensitive than shotgun MS and can provide quantitative data such as the number of TSA copies per cell (53) . Third, because TSA immunogenicity cannot be predicted (54) , it has to be tested experimentally for each TSA. This issue is being addressed by several research groups that are currently developing artificial platforms requiring less material than the conventional IFN-g ELISpot assays used for such testing (8, 55, 56) .
In practice, how could we prioritize TSAs for clinical trials? In our EL4 tumor model, the efficacy of TSA immunization was largely determined by two criteria: TSA abundance and the frequency of TSA-responsive T cells. TSA abundance can be assessed by targeted MS analyses, and the frequency of TSA-responsive T cells in peripheral blood mononuclear cells of a cohort of subjects could be estimated using MHC peptide multimers or functional assays. Widely shared, highly abundant TSAs recognized by high-frequency T cells could then be selected for clinical trials. These optimal aeTSAs could then potentially be combined in a single vaccine using already available synthesis and delivery platforms (13, 57) .
MATERIALS AND METHODS
Study design
The purpose of this study was to develop a proteogenomic approach that would enable the identification of TSAs derived from any region of the genome and to identify features that influenced TSA immunogenicity. To do so, we first characterized the TSA landscape of two murine cell lines, the EL4 T-lymphoblastic lymphoma cell line and the CT26 colorectal cancer cell line that were both obtained from the American Type Culture Collection. As a normal control, we used thymi isolated from 5-to 8-week-old C57BL/6 or Balb/c mice obtained from the Jackson Laboratory. Mice were housed under specific pathogen-free conditions, and all experimental protocols were approved by the Comité de Déontologie de l'Expérimentation sur des Animaux of Université de Montréal. We also applied our approach to seven human primary cancer samples from treatment-naïve patients. These included three lung tumor biopsies (lc2, lc4, and lc6) purchased from Tissue Solutions and four primary leukemic samples (B-ALL specimens 07H103, 10H080, 10H118, and 12H018) that were collected and cryopreserved at the Banque de Cellules Leucémiques du Québec at Hôpital Maisonneuve-Rosemont. The project was approved by the Comité d'éthique de la recherche de l'Hôpital Maisonneuve-Rosemont (CÉR 12100). NOD Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NSG) mice were used to expand our B-ALL specimens. These mice were purchased and housed as described for C57BL/6 and Balb/c mice. As a normal control, we used thymi obtained from 3-month-old to 7-year-old patients undergoing corrective cardiovascular surgery (CHU Sainte-Justine Research Ethic Board, protocol and biobank no. 2126). No statistical method was used to predetermine sample size. One replicate was sequenced for all RNA-seq experiments. For MS, at least two replicates were analyzed. To assess the immunogenicity of EL4-derived TSAs, we measured the frequency and antigen avidity of T cells recognizing TSAs. In addition, we estimated the survival of 8-to 12-week-old C57BL/ 6 female mice that were immunized or not with individual TSAs. Investigators were not blinded during sample preparation or during data collection and analysis. For all in vitro and in vivo experiments described in this manuscript, at least three replicates were analyzed and found to be concordant with each other. No data were excluded from the analyses, and values are reported in table S7. The number of mice used, numbers of replicates, and statistical values (where applicable) are provided in the figure legends. For information regarding original RNA-seq and MS data, see the Data and materials availability section in Acknowledgements and table S2.
Statistical analysis
Procedures to evaluate statistical significance are described in the relevant figure legends. Overall, a log-rank test was used for survival curves, a Wilcoxon rank sum test with the Benjamini-Hochberg correction for multiple testing was used to compare T cell frequencies as estimated by tetramer and ELISpot, and a one-sided Wilcoxon rank sum test was used to compare T cell frequencies between immunized and rechallenged mice. P ≤ 0.05 was considered significant.
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